INTRODUCTION

69!
Females and males are ubiquitous across the animal kingdom, yet how 70! the sexes are determined is incredibly dynamic (Bachtrog et al. 2014; 71! Beukeboom and Perrin 2014) . Insects are an excellent demonstration of this 72! diversity. For example, while the ancestral sex determination in insects is 73! thought to be male heterogamety (i.e. XY or XO males), there have been 74! several transitions to other modes, such as female heterogamety (i.e. ZW or ZO 75! females, for example in butterflies and moths) and haplodiploidy (i.e. diploid 76! females and haploid males, for example in wasps, bees, and thrips) (Blackmon 77! et al. 2017) . Even in lineages where the mode of sex determination is 78! conserved, sex chromosomes and sex determining genes can change rapidly.
79!
For example, Vicoso and Bachtrog (2015) have recently found that although 80! dipterans (i.e. flies) typically exhibit male heterogamety, there have been 81! numerous gains and losses of sex chromosomes. Perhaps the most striking 82! example of rapid evolution and diversity of sex determination systems in 83! insects is that of the housefly, Musca domestica, which is polymorphic for male 84! heterogamety, female heterogamety, and even temperature-dependent sex 85! determination, driven largely by a highly mobile and variable master sex 86! determining locus (Dübendorfer et al. 2002) 87!
88!
While there has been exciting progress on the genetics and evolution of 89! sex determination in insects, there are enormous gaps in our knowledge. The 90! the genes they inherited from their mother. Much is still unknown about the 139! mechanism of paternal genome elimination; however, genomic imprinting 140! seems to be at the heart of this unusual form of reproduction (Herrick and Seger 141! 1999) . Altogether, this study fills a large gap in the insect tree of life in terms of 142! how sex is determined, and documents a new case of paternal genome 143! elimination, an interesting and unusual mode of sex determination. 144!
145!
MATERIALS AND METHODS
146!
Culture information 147!
Individuals of Liposcelis sp. were initially collected from the Chiricahua 148! Mountains, Arizona, in 2010 (Perlman et al. 2015) , and lab cultures were 149! established. Individuals from our lab culture have been deposited in the insect 150! collection at the Royal British Columbia Museum, Victoria, BC, while this 151! species awaits formal description. (A maternally transmitted sex ratio distortion 152! was previously reported in this species [Perlman et al. 2015] , but note that this 153! polymorphism is not present in the cultures used in this study.) 154!
155!
Colonies are maintained at approximately 27° and 75% relative 156! humidity. We keep Liposcelis sp. in small glass canning jars (125ml) with the 157! lid replaced with 70mm Whatman filter paper (Sigma-Aldrich). We rear them 158! on a diet of 1:10 (weight: weight) mixture of Rice Krispies (Kellogg's) to 159! cracked red wheat (Planet Organic). We check the colonies every second week 160! crossing scheme took advantage of a two allele polymorphism in the cAMP-171! specific IBMX-insensitive 3',5'-cyclic phosphodiesterase gene (Phos1 for 172! short) in our lab culture of Liposcelis sp. (Perlman et al. 2015) . By following 173! the inheritance of Phos1 alleles, we were able to test two specific predictions: a) 174! heterozygous females will transmit both alleles, and b) heterozygous males will 175! only transmit the allele they inherited from their mother. We extracted DNA 176! from single booklice using 30µl Prepman Ultra (ThermoFisher Scientific) 177! according to manufacturer instructions (to yield 15µl of product). Individuals 178! were genotyped after PCR amplification with the primers Phos1F 179! (TCCCTTCCGTCAATAAATGC) and Phos1R 180! (AATGTTCGAAATGCCGAGTC) using the following thermocycling 181! conditions: 95°C×3min, (94°C×1min, 56°C×1min, 72°C×2min)×35, 182! 72°C×10min. Sequencing was performed by Sequetech (California, USA). We 183! ! 9! scored individuals as either homozygous or heterozygous by examining 184! chromatograms for double peaks, using Geneious 6.1.8. See Figure S1 and 185! Figure S2 HiSeq following library construction at Genome Quebec; these reads were 236! combined with previously generated sequence (Perlman et al. 2015) for 237! assembly. Assembly was done using Ray v 2.2.0 (k = 31; Boisvert et al. 2012) , 238! with ~123 M 100 bp PE reads to generate an assembly of ~264 Mb and a contig 239! N 50 of 4,617 bp. Raw reads from female-specific (~44 M) and male-specific 240! (~53 M) libraries were mapped to the assembly using bwa mem (Li 2013 ) and 241! high quality read mappings (mapq > 10) retained and quantified using samtools 242! (Li et al. 2009 ). Raw read mappings were normalized as counts per million 243! mapped reads (CPM), with contigs > 1000 bp retained in the analysis (Vicoso 244! and Bachtrog 2015) . 245!
246!
Immunofluorescence microscopy 247! Paternal genome elimination often results in condensation of paternal 248! chromosomes in male somatic and/or germ tissue (Brun et al. 1995; Bongiorni 249! et al. 2004 Bongiorni 249! et al. , 2007 . To test for the presence of condensed chromosomes in male 250! booklice, we conducted immunofluorescence microscopy with an antibody for 251! H3K9me3, a conserved marker for heterochromatin (Cowell et al. 2002) . We containing a small amount of food. We left females for 7 days so they had an 287! opportunity to mature and mate before transferring them into petri dishes 288! (35mm in diameter) containing 1.7g of food. The experiment consisted of three 289! treatments: a low, medium, and high-density treatment with 2, 10, or 20 290! females in each dish, and 5 replicate dishes for each treatment. We also kept 3 291! males in each dish to ensure females were not sperm limited, replacing males 292! when necessary. Adults were transferred into new dishes weekly for 4 weeks, 293! upon which the experiment was terminated. 294!
295!
We measured the sex ratio (measured as the number of offspring of each 296! sex reaching adulthood) produced by females in each replicate each week, 297! which allowed us to measure both the total sex ratio for each treatment and also 
RESULTS
315!
Transmission distortion of Phos1 allele in males 316!
We sequenced 155 F1 offspring from 14 crosses with 10 males mated to 317! up to three different females (Table 1) . We found that heterozygous females 318! mated with homozygous males (i.e. type 2 crosses 11-1, 9-1, and 6-3) produced 319! offspring with both of the expected genotypes, indicating that females transmit Table 1 as all offspring from this cross were expected to be heterozygous -parents
362!
were AA*aa). (Metz 1938; Helle et al. 1978; Nur 1980; Stuart and Hatchett 454! 1988; Brun et al. 1995; Dallai et al. 2000) . In all of these lineages, males 455! develop from fertilized eggs but fail to transmit chromosomes they inherited 456! from their fathers. However, how paternal genome elimination occurs in these 457! lineages is quite different. In sciarid and cecidomyiid flies, and in 458! symphyleonan springtails, paternally-inherited sex chromosomes (but not 459! autosomes) are ejected during male development, often in complex 460! combinations (Metz 1938; Stuart and Hatchett 1988; Dallai et al. 2000) . On the 461! other hand, mites, bark beetles and scale insects do not have sex chromosomes 462! ! 25! at all. Instead, the entire paternal chromosome complement is eliminated or 463! inactivated in males (Nur 1980; Nelson-Rees et al. 1980; Brun et al. 1995) .
363!
464!
Paternal chromosomes can be heterochromatinized early in development and 465! excluded from viable sperm during spermatogenesis (e.g. Lecanoid and 466! Comstockiella scale insects), or they can be lost entirely in early development 467! in males (Diaspidid scale insects) (Ross et al. 2010a) . The lack of consistent 468! molecular features makes it difficult to diagnose paternal genome elimination in 469! species without extensive investigation into male meiosis or crossing 470! experiments that follow alleles in males over several generations. Because of 471! this, it is likely that PGE is present in more species than it has been identified in 472! to date.
473! 474!
Our finding of heterochromatinization occurring throughout male but 475! not female abdominal tissue, and the lack of an obvious sex chromosome in our 476! genomic analysis, suggests that paternal genome elimination in Liposcelis 477! booklice is likely similar to the Lecanoid/Comstockiella systems in scale 478! insects, with paternal chromosomes being heterochromatinized in male body 479! tissues as well as the germline, rather than being eliminated in somatic tissue, or 480! present but not heterochromatinized (Ross et al. 2010a) . In many species that 481! exhibit PGE, paternal chromosomes are epigenetically silenced in males 482! through heterochromatinization and form a large chromocenter; this has been 483! best studied in scale insects, particularly the citrus mealybug P. citri (Bongiorni 484! et al. 2004 (Bongiorni 484! et al. , 2007 . Heterochromatinization is thought to occur through 485! ! 26! imprinting, as paternal chromosome heterochromatinization occurs soon after 486! fertilization, before embryonic genes are highly expressed (Sabour 1972) .
487!
Paternal genome heterochromatinization in males involves many of the same 488! components that are involved in facultative heterochromatinization in other 489! animals. For instance, H3K9me3 is involved in paternal chromosome 490! heterochromatinization in P. citri, and Liposcelis, and also in X-chromosome 491! inactivation in mammals (Cowell et al. 2002) . Additionally, species with PGE often have female biased sex ratios with 509! maternal control over the offspring sex ratio. This has been studied best in 510! mites (Helle et al. 1978, Nagelkerke and Sabelis 1998) and scale insects 511! (Varndell and Godfray 1996; Ross et al. 2010b Ross et al. , 2012 . The results from our 512! controlled lab experiments point towards maternal control of sex ratio in 513! Liposcelis sp. We found highly female-biased sex ratios in Liposcelis sp., which 514! altered as a female aged, with a more male biased sex ratio produced when 515! females were young. The finding that females produce more males early in 516! reproduction is intriguing, as something similar was found in P. citri (Ross et 517! al. 2012) ; we speculate that this might be driven by the need to ensure mating 518! in groups with little dispersal. It is unlikely that the sex ratio differences we 519! observed were due to differential mortality, as females produced approximately 520! the same amount of offspring each week in the experiment. To confirm that 521! females are able to control offspring sex ratio, it would be interesting to 522! conduct similar experiments in more natural settings, and alter other ecological 523! factors such as relatedness of individuals and resource availability. 
